The etch pit density of organometallic vapor phase epitaxy (OMVPE)-grown GaN on sapphire was discovered to reduce drastically by the insertion of either a low-temperature-deposited AlN buffer layer or GaN buffer layer between high-temperaturegrown-GaN on sapphire.
Introduction
GaN based Group III nitrides are one of the most promising candidates as the material for the short-wavelength semiconductor lasers because they have direct and wide bandgaps ranging from 1.9 eV for InN to 6.2 eV for AlN. The application of nitrides to lasers in the blue and UV regions, which had not been developed using the conventional III-V semiconductor materials such as GaAs and InP, is expected.
The first demonstration of stimulated emission from GaN was reported by Dingle et al. 1) who succeeded in opticallypumped lasing at 2 K using needle crystals. The difficulty in growing large-size bulk crystals and the lack of substrate materials with lattice constants and thermal expansion coefficients close to those of the nitrides have long prevented the use of nitrides. The use of a low-temperature-deposited thin AlN buffer layer on a sapphire substrate has dramatically changed the situation.
2) Although there is a large lattice mismatch between GaN and sapphire substrates, device-quality GaN and nitride alloys have been achieved. The growth process of GaN films on a sapphire substrate covered with an AlN buffer layer has been observed in ex situ investigation. 3, 4) It was also reported that the low-temperature-deposited GaN buffer layer has the same effect as that of the AlN buffer layer.
5) The growth mode of GaN using the GaN buffer layer was also reported to be the same 6) as that using the AlN buffer layer. Bright blue and green light emitting diodes (LEDs) have been commercialized 7, 8) using either AlN or GaN buffer layer techniques. Laser diodes (LDs) which emit coherent light in the UV and violet regions have also been realized. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Moreover, high-performance photodiodes (PDs) in the UV region 19) and high-frequency field effect transistors (FETs) 20, 21) have been realized using an AlN buffer layer. It was pointed out, 22) however, that GaN films grown on sapphire with a lowtemperature-deposited buffer layer contain large amounts of dislocations of the order of 10 8 ∼10 10 cm −2 , which might affect the performances of nitride based devices. For example, defect-enhanced extraordinary diffusion of the electrode metals 23) and Mg impurity 24) has been reported. In this paper, we show that insertion of a second low-temperature-deposited buffer layer between the hightemperature-grown GaN was determined to reduce the etch pit density to a great extent. Both the AlN buffer layer and the GaN buffer layer were found to be effective. Figure 1 shows the time chart for the growth of GaN on sapphire for the conventional one-step buffer layer sequence Newly developed two-buffer layer sequence. After growing GaN for 1 µm using the sequence (a), the supply of alkyl was stopped and the substrate temperature was lowered to 400 • C. Then, a low-temperature buffer layer of 20 nm thickness was deposited, followed by the high-temperature growth of GaN. Sample [B]-AlN was grown using AlN for both buffer layers, while sample [B]-GaN was grown using GaN for both buffer layers. (c): After depositing the GaN buffer layer at 400 • C, the substrate was heated at 1,050 • C for 10 min. Then, the substrate temperature was lowered and the GaN buffer layer was deposited, followed by the high-temperature growth of GaN.
Experiments
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( Fig. 1(a) ) and the newly-developed multistep buffer layer sequence (Figs. 1(b) and 1(c) ). In the newly-developed growth sequence shown in Fig. 1(b) , the sapphire substrate was first covered with either an AlN or a GaN buffer layer. Then at a high temperature above 1,050
• C GaN approximately 1 µm thick was grown. Next, the supply of Group III alkyls was stopped and the substrate temperature was lowered to 400
• C. Then, either an AlN buffer layer or a GaN buffer layer of about 20 nm thickness was deposited. After depositing, the supply of the Group III alkyls was stopped again and the substrate was heated to 1,050
• C and GaN was grown again. In order to clarify the role of the first GaN layer grown at high temperature, another sequence shown in Fig. 1(c) was also investigated. In this sequence, after depositing the GaN buffer layer on sapphire, the supply of TMGa was stopped and the substrate temperature was raised to 1,050
• C, then the substrate was kept in a flow of hydrogen and ammonia for 10 min. Afterwards, the substrate temperature was lowered to 400
• C and a second GaN buffer layer of about 20 nm thickness was deposited, followed by the high temperature growth of GaN. The total thickness of the high-temperature-grown GaN was fixed at 2 µm in all samples. Hereafter, GaN samples grown as per the sequences shown in Figs Etching was carried out in a mixture of H 3 PO 4 and H 2 SO 4 with a ratio of 1:3 at 250
• C for 20 min. AlN and [B] -GaN. The 2-µm-thick GaN sample, in which a second low-temperature-deposited buffer layer was inserted at a distance of 1 µm from the substrate, also showed no etch pit. Therefore, the effect of the second low-temperature-deposited buffer layer was determined to be less sensitive to the position in the high-temperature-grown GaN. However, from the result of sample [C], the second low-temperature-deposited buffer layer should be inserted between the high-temperature-grown GaN.
Results
It is clear from these results that (1) insertion of the low-temperature-deposited buffer layer between the high- Fig. 2 . Structures of each of the samples grown as per the sequences given in Fig. 1 . temperature-grown GaN is effective in eradicating the etch pits, (2) both low-temperature-deposited AlN and GaN buffer layers are effective in eradicating etch pits, and (3) the buffer layer should be deposited between the high-temperaturegrown GaN. It is natural to assume that the origin of the etch pits is in the microtubes, 25, 26) because if there are microtubes at the surface, they will become enlarged due to etching with hot phosphoric acid and become etch pits observable under the microscope. The origin of microtubes is considered to be in the screw dislocations. 27) Further discussion is necessary to clarify the relationship between etch pits and dislocations. Therefore, insertion of the low-temperature-deposited buffer layer might stop threading of the screw dislocations.
X-ray diffraction measurements showed that the lattice constant c of sample 
Summary
Etch pit density of GaN by OMVPE on the sapphire substrate has been reduced by inserting a second low-temperature-deposited buffer layer between the hightemperature-grown GaN.
